Two diamond-like carbon coatings have been examined, both prior to, and post tribotesting. Physicalchemical characterisation allows the elucidation of both the physical and tribochemical mechanisms underpinning the respective wear behaviours. The wear of the undoped a-C:H DLC coating is far lower than that of the Si,O-doped DLC. Both coatings show formation of protective tribofilms with tribochemically-relevant elements derived from the lubricant additives; however the tribofilms on the two coatings exhibit key differences, with one containing pyrophosphate. The undoped a-C:H DLC coating shows an increase in non-planar sp 2 carbon content during wear testing which appears to be at the expense of sp 3 -hybridised carbon. In comparison, the Si,O-doped DLC undergoes comparatively little change in carbon hybridisation state.
Introduction
DLC coatings are designed to be inherently low wearing materials. Like many carbonaceous materials, they are able to undergo changes in carbon hybridisation state, or "re-hybridise" (i.e. transform from carbon sp 3 to sp 2 bonds). One prominent example of this is the change in sp 2 : sp 3 ratio that can occur upon high-temperature heating of DLC coatings. 1-4 DLC coatings with high sp 3 fractions are frequently regarded as intrinsically low wearing, due to their high hardness.
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Literature on tribologically induced changes of hybridisation of DLCs is somewhat lacking. Furthermore, the phenomena are complicated by accurate characterisation of carbon sp 2 : sp 3 ratios. Most oen, due to ease of use, the technique employed to detect changes in carbon hybridisation state within the lm is Raman spectroscopy. 2, 6 However, Raman spectroscopy is known to have limitations when examining DLC lms. These include an uncertainty in the beam penetration depth, and appropriate selection of excitation wavelength, which means that the technique may not assess the lm accurately. 7, 8 DLC lms are usually 1-3 mm thick and carbon bonding within the lm is known to change with depth. Interlayers used to improve the DLC-metal bonding frequently form carbides and are not representative of the lm, particularly for the top layer which is crucial to friction and wear performance. As such, Raman analysis was not conducted here. Fortunately, there are a variety of other spectral techniques which can be used to establish sp 2 content in DLC lms; Electron Energy Loss Spectroscopy (EELS) and Nuclear Magnetic Resonance (NMR).
9,10 These two techniques were used in this study and are discussed later.
Due to its inability to form stable double bonds, Si doping is oen employed to enhance the sp 3 content of DLC coatings 11 which is frequently regarded as a benecial characteristic 12 and is known to positively affect many attributes of DLC coatings. These include: decreasing the dry-friction coefficient, increasing the coating adhesion to the metal substrate and altering the water wettability of the coating. [13] [14] [15] [16] [17] Conversely, when in oil lubricated conditions, doping with Si appears to be associated with certain negative aspects such as increased wear rates and the loss of enhanced-lubricity. 13, 14, 16, 18, 19 The wear behaviour of DLC coatings is generally maintained when under oil lubrication and can be enhanced by certain oil additives, including Zn DialkylDithioPhosphates (ZDDP).
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Examples of additives causing higher wear of DLC coatings have been noted; specically the friction-reducing molybdenum species. 21 The behaviour and performance of ZDDP in base oil at steel/steel contacts is very well understood. In brief, the antiwear (AW) performance of ZDDP is closely related to the ability of ZDDP to form zinc polyphosphate glasses. 22 Recently, molecular dynamics simulations of ZDDP tribolms on steel have helped highlight the molecular origin of how antiwear lms are able to form, function, and also dissipate energy. 23 It has been established that the anti-wear effects of the ZDDPderived tribolms originate from changes caused by the contact pressure on the coordination number of the atoms acting as cross-linking agents, enabling the formation of chemically connected networks.
In a fully-formulated lubricant, ZDDP is typically included with a variety of other species, including Ca based detergents, friction modiers, dispersants and viscosity modiers. This complex lubricant formulation is required for effective lubrication within the internal combustion engine. However, the interaction between many of these additives is not always benecial. The dithiophosphate ligand in ZDDP has well known cation binding affinities which include many metals regularly encountered within an engine. The effect of the replacement of Zn with different metal cations contained in the full additive package is variable, and depends on the newly introduced cation, and the type of lm formed. Organic species in lubricant packages are also known to hinder the performance of ZDDP, such as amine-containing additives. 24 It has been established that incorporation of Ca with ZDDP in a lubricant package results in the formation of a chemically different tribolm on ferrous surfaces, where Ca competes with the Zn cation for reaction with the phosphorous source. 25 Long chain polyphosphates are not formed, 26, 27 but instead, the formation of Ca phosphates are frequently noted within the worn area. 25, 27 It is also known that combining Ca species within a ZDDPcontaining additive package, when tested on steel, results in a decrease in the anti-wear effectiveness as compared to ZDDP alone.
This current work aims to investigate the wear of boundarylubricated DLC/steel contacts, with ZDDP in the formulated lubricant, for the case of two very different DLC coatings: an undoped a-C:H DLC coating and a Si,O-doped DLC coating. It uses a range of analytical techniques to investigate the tribolm formation and quantify any change in carbon hybridisation state within the DLC coating itself to then relate this to the measured wear performance.
Materials and methods

Diamond-like carbon coatings
The two coatings examined were both hydrogenated DLC coatings. The DLCs were produced by Sulzer Sorevi and are known under the trade name 'Dylyn'. The Si doped coating is also from this famil and includes an organometallic precursor that provides the source of Si and O. The manufacturer's parameters stated that the thickness of the lms (prior to testing) were 2.4 mm for the Si,O-DLC and 1.4 mm for the a-C:H DLC. The Sidoped coating also included a signicant amount of O, due to the organometallic precursor material employed for doping (the composition of which is commercially sensitive and therefore not given). The results from Elastic Recoil Detection Analysis (ERDA) of both coatings are given in Table 1 . The DLC coatings were deposited on AISI 52100 steel plates of dimensions 7 Â 7 Â 3 mm with a maximum roughness of (R a ) 80 nm.
The coatings were produced using low temperature plasma, the exact deposition parameters were not given, as they are commercially sensitive. The substrate was negatively biased by 500 V with the chamber acting as the electrode. A hot cathode auxiliary system was also employed to enhance plasma generation. The process typically takes place at 10 À3 mbar. The substrate was rst cleaned by Ar ion etching before deposition, and then a Ti layer was deposited, followed by a Si based interlayer to improve coating adhesion to the substrate. Aer interlayer deposition the bulk DLC was deposited. Table 1 details the coating's properties.
Tribometer testing procedure
Both DLC coatings were paired with a non-coated steel counter body. The counter body was an AISI 52100 steel pin with a semispherical end and a radius of 120-150 mm, with a Rockwell hardness value of 58-60 HRC, the C denoting the type of indenter used. The pins had a maximum roughness (R a ) of 0.3 mm. Testing conditions, shown in Table 2 , were chosen to simulate the lower pressure internal combustion engine pistonring/liner type contact. This is where high levels of wear are found in engines and where DLCs are being to combat this. In this case boundary lubrication was conrmed by the lambda ratio value (l) for the initial system setup which was calculated as being 0.0040. The Cameron-Plint 'TE77' reciprocating pin-on-plate tribometer allows for tribological investigations under different temperatures and loads. Before experimental set-up all parts were sonically cleaned in acetone for twenty minutes. Heating was controlled by a thermo-couple that regulates the oil temperature according to a user dened value (in this case 100 C). This temperature was chosen to match the temperature of a working car engine. The heater plate is positioned below the sample holder. The load cell can measure the frictional force and converts this to a digital signal, using an analogue to digital converter. This is then processed by LabVIEW. The frictional force is the average of 1000 measurements read at ve minute intervals. Once nished, the pin and plate were rinsed in heptane to remove excess oil and stored in aluminium foil to avoid contamination. The experimental parameters are detailed below in Table 2 .
Lubricant
The lubricant used in this study was a fully-formulated, commercially-available diesel engine oil. The oil manufacturer was Lubrizol Ltd. The viscosity of the lubricant at 100 C was 12.31 cSt. As a commercial sample, its exact composition was not disclosed. 
Analytical methods
Nanohardness
Surface hardness values were obtained using a Nanotest™ Nano indenter produced by Micro Materials Ltd Wrexham, UK. The test apparatus is in an enclosed, temperature regulated box to ensure no uctuations due to heating or cooling processes. The Nanotest platform soware suite and micro capture camera were used to obtain, analyse and interpret the data. Following the experimental method devised by Oliver and Pharr, 28 a diamond-tipped probe with a Berkovich indenter of 130 was employed for testing. All samples were mounted to the holder using a high strength adhesive. The maximum penetration depth employed was 51 nm, as the average roughness of the lm was much greater, recorded as 41 mm. One hundred measurements were made both within and outside of the worn area and a standard deviation of the data calculated.
Non-contact prolometry
Post wear surface analysis was conducted to fully characterise volume loss of the coating and to work out dimensional wear coefficients. Scanning white light interferometry was conducted on a Bruker NP FLEX™ interferometer which moves in 3-dimensions to produce an image of the surface examined. The 'Vision64' soware suite is then used to analyse the data obtained and remove surface bias such as curvature and tilt giving information on the volume of material lost and surface roughness. 29 All measurements were taken using the vertical scanning interferometry (VSI) mode with a magnication of Â2.5.
X-ray photoelectron spectroscopy (XPS)
XPS was employed to assess the chemistry of any tribolms formed due to tribochemical interactions that may have occurred at the surface. XPS was carried out using a VG ESCA-LAB 250 X-ray Photoelectron Spectrometer using monochromatized X-rays from an aluminium K-alpha source. An approximate area of 500 mm 2 was analysed in the wear scar.
XPS is surface specic in that it can only penetrate the upper few nanometres (typically 5-10 nm) of the sample. 30 Initially a short survey scan was carried out to determine which elements were present. This was done with the settings of 200 eV pass energy, 1 eV energy step size and a 50 ms dwell time. Longer (high resolution) scans of selected photoelectron peaks were carried out to identify specic (chemical) components present. The settings for the high-resolution scans were: 40 eV pass energy, 0.1 eV energy step size and 100 ms dwell time. CASA XPS soware was used to analyse the data. Reported literature C 1s calibration data for various DLC and Si,O-DLC samples were in agreement with the calibration reference value of 284.4 eV for the main C-C peak component.
6,31-33
Evaluation of the Si 2p peak position was also veried using literature values.
6,34,35
Focused ion beam (FIB)
A FEI Nova200 Nanolab dual beam Focused Ion Beam/Scanning Electron Microscope (FIB/SEM) was used to create thin, sitespecic cross sectional lamellae from the worn area for examination by Transmission Electron Microscopy (TEM). To protect the area of interest from the ion beam, an initial 1.5 mm thick layer of platinum was deposited as a strip on top of the worn area using a gas injector and the electron beam. Once this was complete, material either side of the deposited Pt layer was milled away to an approximate depth of 10 mm below the surface using a 30 kV gallium ion beam. The cross section was thinned further and then cut away from the bulk material. The sample was then attached to a copper TEM grid using a micromanipulator; attachment being achieved by bonding with Pt. The thin lamella was given a nal ion beam polish using a lower ion beam energy and current.
Transmission electron microscopy (TEM)
A Philips/FEI CM200 FEGTEM Field emission gun TEM/STEM operated at 200 kV and equipped with a Supertwin Objective lens, cryoshielding, an Oxford Instruments INCA EDX system and a Gatan Electron Energy Loss Spectrometer (EELS) (Gatan Imaging Filter GIF 200) was used to image and analyse any tribolayers present, as well as investigate the coating microstructure. The FIB sample preparation and TEM examination can cause sample damage. A protective Pt strap was used in the FIB to minimise ion implantation and sample damage, although this is known to still occur at the surfaces of the thin TEM lamella. Damage by both ions and electrons occurs by both knock-on (and hence surface sputtering and mass loss) and also radiolysis.
36,37
For hydrogenated carbon materials, one of the main concerns is removal of hydrogen, present as C-H bonds, and also potentially by release of interstitial hydrogen gas.
38,39
Ideally, one would use low uence (electrons per nm 2 ) condi- imaging at 200 kV this is not a major issue due to the relatively short image acquisition times and subsequent low electron uences. However for the longer acquisition times required for EELS analysis this can be more of an issue. 40 To avoid signi-cant levels of electron irradiation induced damage, TEM images were focused away from the region of interest; the sample area was then moved into the beam and data was captured promptly. The dose rate for these experiments was of the order 10 4 electrons per nm 2 per s. This procedure is in-line with literature standards, known to reduce electron beam damage of samples. 41 There have been a number of studies conducted on DLC lms using TEM and EELS in order to extract the carbon sp x ratios. These include LiBassi et al., 42 Shindo et al. 43 and Ponsonnet et al.;
10 the latter two publications provide somewhat conicting reports of the importance of damage.
Electron energy loss spectra (EELS)
EELS spectra were recorded using a Gatan Imaging Filter and initially processed using the Gatan Digital Micrograph soware suite. EELS carbon K-edge spectra were analysed to investigate the carbon hybridisation state in the worn area as a function of wear. Analysis was achieved using Gaussian peak tting in HyperSpy 40 to quantify the ratio of non-planar sp 2 to planar sp 2 carbon bonding. A detailed discussion of this analysis procedure can be found in, 40 but in brief, ve Gaussian peaks (G1 to G5) are tted to the spectrum, an example of which is shown in Fig. 3 . The relative area under the rst Gaussian peak centred at 285 eV, over the p* peak (labelled G1), provides information about the proportion of carbon atoms which are planar sp 2 -bonded, whilst the sum of the areas under the second and third Gaussians, labelled G2 and G3, provides information about the proportion of non-planar, carbon sp 2 -bonding, similar to that found in fullerenes. These areas are both normalised to the total carbon K-edge intensity (integrating over a 20 eV window from the edge onset at 282.5 eV). To calculate the % planar sp 2 -bonding the extracted data is normalised to a reference material. In this case, this is a highly ordered graphite used in the nuclear industry (Pile Grade A), assumed to have 100% planar sp 2 bonding. However, to calculate the relative amount of non-planar sp 2 carbon atoms the normalised contribution of the G2 and G3 peaks in the (100% planar sp 2 carbon) reference material must rst be subtracted from the sum of the G2 and G3 peaks in the tted spectrum. In a pure carbon material, this allows for the fraction of non-planar sp 2 carbon to planar sp 2 carbon atoms to be determined.
It is noted that, in addition to carbon, the presence of heteroatoms may add intensity in the region covered by Gaussians G2 and G3. 40 C-H bonds are reportedly observed in DLC lms at energy positions around 287.5 eV, which would contribute to this calculated G2 + G3 intensity. 10 However, the hydrogen content of the two lms studied are equal (Table 1) and, as discussed previously, at 200 kV and room temperature it is expected that hydrogen will be removed from the thin TEM lamella by knock on damage. Furthermore, the presence of Si and O in Si,O-doped DLC may also result in C-Si and C-O bonds which could contribute to the intensity in this region. This point is explored in more depth later. Solid-state 13 C spectra were recorded at 100.56 MHz using a Varian VNMRS spectrometer and a 6 mm (rotor outer diameter) magic-angle spinning (MAS) probe. They were obtained using cross-polarisation with TOSS spinning sideband suppression with a 1 s recycle delay, 1 ms contact time, at ambient probe temperature ($25 C) and at a sample spin-rate of 6.8 kHz. 3712 and 56 128 repetitions were accumulated for the a-C:H DLC and Si,O-DLC, respectively. Spectral referencing was with respect to an external sample of neat tetramethylsilane (carried out by setting the high-frequency signal from adamantane to 38.5 ppm). For this investigation, cross-polarisation was used, a technique that transfers radio frequency energy from hydrogen nuclei to carbon nuclei. This is useful for two reasons: rstly it has been previously detailed in the literature 9 on DLC and secondly, it increases the response from the carbon nuclei and focuses the spectral data to carbons directly bonded to hydrogen atoms. The Si,O-doped and a-C:H DLC samples were converted to powder, prior to any tribological testing, to allow for NMR analysis. The powders were prepared using a modied literature procedure.
9 A large coated aluminium substrate ($200 cm 2 and 10 mm thick) was soaked in 15% hydrochloric acid solution for two hours with external cooling. The DLC material remained intact. The metal substrate, including the interlayers, were sequestered by the acid resulting in black, ake-like product that was ltered from the solution, washed with puried water and heptane and then nally dried at 40 C overnight. Between 50-100 mg (50 mg a-C:H, 100 mg Si,O-doped) of the DLC powders from each sample were obtained and sent for 13 C MASNMR analysis. A greater amount of the Si,O-DLC was required in order to obtain sufficient signal from the sample, as incorporation of Si correlates with a decrease in carbon content of the overall coating. A typical NMR spectrum of DLC is composed of a few broad peaks, depending on the doping elements contained and their % atomic levels. Specically when doping with Si,O precursors there is potential for additional oxygenated species to occur. Solid-state MASNMR data is shown without repeats due to the difficulty in synthesis of the large amount of DLC material required. As such the MASNMR data was used to conrm the known trend that Si incorporation increases the amount of C-C bonding.
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Results
Pre-wear solid-state NMR analysis
Pre-wear solid-state 13 C MASNMR data is shown in Table 3 . The
Si,O-DLC has a greater ratio of sp 3 bonded carbons when compared to the a-C:H lm, as expected since Si does not readily take part in sp 2 bonding with carbon.
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Friction performance of the DLC coatings
The friction values obtained for both the coatings over a 14 hour period are presented in Fig. 1 and Wear Wear analysis was undertaken at the end of testing of the DLCcoated plates. Worn volumes were converted into dimensional wear coefficients, shown in Table 4 , which allows for comparisons to be made with similar coatings/materials. It must be noted that despite Si,O-DLC having a higher wear rate than the a-C:H DLC, both DLC coatings appear to experience only polishing wear. For both DLCs the coating was intact at the end of the testing period.
Nanohardness values
Nanohardness data of the unworn and worn coatings is presented in Table 5 . 100 indentations were averaged to obtain these values. For both coatings, there is no change within standard deviation between the unworn and worn values.
XPS results
XPS data, shown in Table 6 , conrms the presence of a tribolm on both the DLC coatings. Notable elements include Ca, S and Zn in both lms. Interestingly, no P is detected in the worn area of the a-C:H lm, whereas P is present as pyrophosphate (calcium phosphate, in this instance) in the wear track of the Si,O-DLC. 47 The presence of P is noteworthy as certain pyrophosphate (PO 3 À ) species are known to be relevant in terms of anti-wear lms on ferrous materials. 22 Various sources of O are available to both coatings, as the lubricant contains over-based CaCO 3 as well other oxygenated additives. Therefore, it does not seem to be the case that O from either coating is sequestered to produce the pyrophosphate groups observed. The tribolm formed is distinct from a thermal lm, as the elements within the worn area are present in far higher concentrations than outside of the wear scar. Both this and the presence of pyrophosphate was conrmed in a previous paper when examining the same tribocouples with time-of-ight mass-spectrometry.
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High-resolution scans of the photoelectron lines of certain elements were employed to ascertain accurate peak positions and correlate to chemical species (Table 6 ). Some difficulty is encountered with the S 2p and Zn 2p peak attributions as the binding energy values of the oxide and sulphide are at very similar positions. The ratio of Si to O is 1 : 1 in the worn area despite it being known that the precursor material has a Si : O ratio of 2 : 1 (Table 1) . This indicates additional incorporation of O in the wear scar. As the atomic percent of O and P are 13 and 2 respectively, it can be concluded that the elevated oxygenation cannot be solely due to the formation of pyrophosphate in the wear scar. Fig. 1 Friction profile of both DLCs tested. 
TEM images of cross sections from the worn area
Bright eld TEM images from FIB cross-sections of the worn areas on both samples at the end of testing are shown in Fig. 2 . The Si,O-DLC coated sample shows the presence of an uneven, patchy tribolm with a maximum thickness of 15.5 AE 1.3 nm in certain places. The a-C:H DLC sample shows a far thinner tribolayer of 2.8 AE 0.3 nm.
EELS analysis
EELS data was collected only over the DLC with care taken to avoid the tribolms. Due to the difficult and time-consuming nature of producing cross sections of the worn area, EELS analysis was not undertaken for the 7 hour stage of the wear testing of the Si,O-doped DLC lm. As discussed previously, ve Gaussian peaks (labelled as G1 to G5 in Fig. 3 ) were tted to the EELS carbon K-edges. An example t from a relatively graphitic carbon material is shown in Fig. 3 (ref. 40) and the background subtracted carbon K-edge EEL spectra from the DLC lms are directly compared in Fig. 4 . The proportions of sp 2 -bonded carbon atoms were derived from the area under the tted peaks via a normalisation procedure detailed previously, these are summarised in Table 7 .
Changes in carbon sp 2 fraction with wear-time
The analysis of the EELS data for the a-C:H DLC and the Si,O-DLC lms at various wear times reveals an interesting trend. For both DLC lms the relative proportion of planar sp 2 -bonded carbon atoms remains approximately constant throughout the wear process; it being slightly higher for the a-C:H DLC lm than the Si,O-DLC lm, in broad agreement with the MASNMR data (Table 6 ). However, for the a-C:H DLC lm the ratio of nonplanar to planar sp 2 -bonded carbon atoms increases from ca.
0.15 to ca. 0.25 (67%) -note that this analysis ignores the small contribution from C-O bonds formed during wear (Fig. 4) which might also be expected to give rise to intensity in this spectral region. This analysis implies that the newly created non-planar sp 2 -hybridised carbons are derived from carbon atoms that were previously sp 3 -hybridised. In contrast to planar sp 2 -bonded carbon networks based on six membered rings, nonplanar sp 2 bonds can be present in cyclic ve-and sevenmembered carbon ring systems. 
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With the first Gaussian (G1) centred at $285 eV for the C]C p* component, G2 $ 292 eV, the C-C s* component and G3 $ 300 eV, the C]C s* component.
In comparison, no such dramatic increase in intensity in this region (G2 + G3) of the EELS carbon K-edge is observed during wear of the Si,O-doped DLC lm, implying that the sp 3 -hybridised carbon atoms are reasonably stable. Note that the analytical method and the extraction of non-planar sp 2 -hybridised carbon atoms described in the Materials and methods section may be somewhat inappropriate for the case of these Si,O-doped DLC lms owing to the signicant presence of C-Si bonds and potentially C-O bonds as a result of doping (Table 1) ; hence the absolute values of non-planar/planar sp 2 -bonded carbon atoms in Table 7 for this lm may be inaccurate (denoted with an asterisk). However, the intensity in this region does not change signicantly during wear and the carbon bonding in the Si,O-doped DLC lm therefore remains relatively unchanged as a result of wear. In the a-C:H DLC lm there is a signicant reduction of sp 3 -hybridised carbon atoms during wear in favour of the creation of non-planar sp 2 -hybridised carbon atoms.
Discussion
Friction Measured friction coefficients are in line with values typically associated with high-friction systems. The friction values for the two coatings are similar, with neither DLC offering greater friction reduction. This steady, high friction is to be expected, when testing in boundary lubrication with fully-formulated lubricants. When lm-forming additives like ZDDP and overbased detergents are combined, they are known to form highfriction tribolms 22,48-50 as observed here. GMO, which has been included as friction modier (FM), has the molecular formula C 21 H 40 O 4 , and is a surfactant molecule containing a polar head group, containing both alcohol and ester moieties. These type of species are known to interact well with certain surfaces, due to the interaction of the polar head group with polar or hydroxylated surfaces. 49 GMO has been shown to be effective at reducing friction, for certain DLCs.
51
With regards to GMO and DLC, Kano et al. 51 note that: "The origin of low friction could be due to the very low-energy interaction between OH-terminated surfaces". 52 Si,O-DLCs are known to have many -OH terminated species. 15, 20 Furthermore, the vast majority of DLCs produced by physical vapour deposition have OH-terminated surfaces; due to passivation of dangling bonds (unsaturated, carbon radicals). This happens upon exposure of the DLC coating to air, post production. 1, 4 In this study it is interesting that GMO appears to offer no reduction in friction for either DLC lm. The authors believe that this is due to the presence of the tribolm that inhibits effective surface interactions between GMO and the DLCs examined in this study. Other works in the literature have identied a 'polyol-DLC interaction', this interaction would be prevented in this instance, by the formation of a tribolayer, as such layers are not rich in hydroxyl moieties.
50,53
Coating hardness, tribolm thickness and wear For both coatings, the hardness values of the unworn coating when compared to the worn areas do not appear to change with wear, within experimental deviation. It may be the case that, in this instance, any tribolm formed at the wear surface is too thin to exert an observable effect. 54 For both coatings, the experimental deviation is reduced in the worn area, most likely due to enhanced smoothing of the surfaces, so reducing error associated with the measurement. 54 ZDDP lms generated on metal surfaces are typically thicker than those reported here. Such lms are also seen to give different Nanohardness values than the underlying metal surface. 55 The growth of thicker tribolms has been linked to more reactive surfaces. The trend to tribolm thickness observed here has been noted before, in that that lm thickness increases along the series: a-C:H, Si-DLC and steel.
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It has been proposed that thin tribolms formed on DLCs may be related to the 'graphitization' process of amorphous Fig. 4 Overlaid EELS spectra of (a) the a-C:H and (b) the Si,O-DLC film. The a-C:H film shows a reduction in the depth of the trough around 288 eV and is related to an increased contribution from non-planar sp 2 bonded carbon. Table 7 Results of the fitting procedure applied to the EELS carbon K-edges from the DLC films. * denotes that these absolute values do not take into account intensity arising from C-Si and C-O bonds. Standard deviation is calculated from 3 the measurement areas carbon, caused by a tribochemical reaction. 57 It is hypothesised that even tribolms of only a few nanometres in thickness can confer good levels of wear protection upon DLC surfaces.
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Incorporation of O within Si-doped DLCs is known to lower wear and protect the coating from thermal degradation.
31 This is due to the fact that, due to the strong thermodynamic driving force of the reaction, Si has a great propensity to react with O.
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If Si-containing DLCs are co-doped with O, this reaction takes place as part of the formation of the tribolm. If the Si dopant is not combined with O, the Si within the DLC will oxidise upon contact with air initiating a sequential degradation of the coating, resulting in an accelerated (oxidative) wear rate.
20,59
Furthermore, in the presence of ZDDP (well-known for its antioxidant ability) it would be expected that oxidation of any unreacted Si would be heavily curtailed. 20, 22, 60 As such, oxidative wear exacerbated by the presence of Si in the coating may be ruled out as a key wear mechanism, in this instance, allowing for a fair comparison with the a-C:H coating.
The a-C:H DLC coating was found to undergo markedly less wear than the Si,O-doped DLC. However, both coatings show clear evidence for tribolm formation and Si,O-DLC shows a thicker tribolm, as compared with the a-C:H coating. Although, from XPS, the Si,O-DLC tribolm was found to contain phosphate groups, this does not seem benecial in terms of wear suppression, despite the fact that certain phosphates containing lms are well-known for their suppression of wear, via formation of a highly-durable layer.
22,61-64
On steel surfaces, tribolm thickness does not necessarily relate to lower wear. 65 When examining DLC tribopairs, the tribolms tend to be thinner as compared with those formed on steel surface. 66 The difference in tribolm thickness between the Si,O-DLC and a-C:H DLC coatings suggests that the wear is independent of thickness and doping the DLC coating with Si makes the DLC coating more "ferrous-like", in that it behaves more like a steel surface. This behaviour has been noted previously for DLCs with more reactive surfaces, allowing thicker tribolms. 56 This suggests that several mechanisms are governing the overall wear rate and further underlines the complexities of wear mechanisms and predictions within oil lubricated steel/DLC contacts.
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Tribolm structure and chemistry XPS analysis conrmed the presence of tribolms (containing Ca, Zn and S) on both DLC coatings, aer 14 hours of wearing. Ca-rich tribolms are to be expected when ZDDP is combined with Ca over-based detergents, as Ca 2+ cations can compete with Zn 2+ for incorporation within the phosphate network.
25,68
XPS also conrmed the presence of P in the tribolm on the Si,O-doped sample, whereas none was detected on the a-C:H sample. In previous work on the same system, P has been conrmed as being present as phosphate-type species, by ToF-SIMS analysis. 20 Polyphosphates are known to play an important role with regards to wear suppression, due to their ability to form a hard, wear resistant lm. 22 However, the presence of polyphosphate chains were not noted in this instance and instead calcium phosphate was detected in the tribolm on the Si,O-DLC. Polyphosphate chains were not detected in these samples.
The presence of calcium phosphate on the Si,O-DLC suggests that the coating is more similar to a ferrous surface than a non-doped DLC. This behaviour can be rationalized by the fact that doping the DLC with Si increases water wettability, due to the presence of polar Si-O groups at the surface of the coating. 17 This behaviour is not paralleled with the tribolm formed on the (less polar) a-C:H DLC where calcium carbonate was identied by XPS. This species has been shown to exhibit good anti-wear properties.
27,69 Not only is calcium carbonate detected on the a-C:H DLC tested here, its formation at steel-DLC contacts has also been identied in other studies. 68 This key difference in tribolm chemistry is contributing to the differing wear behaviour of the two coatings.
NMR and EELS analysis
We have employed two distinct methods for ascertaining carbon hybridisation states. Some differences between the two analytical techniques are to be expected, as they have different mechanisms for establishing carbon hybridisation state and are vulnerable to different data acquisition artefacts, as discussed previously.
9 However, analysis of both the MASNMR and EELS data indicated that the level of (planar) sp 2 -bonded carbon in the a-C:H DLC coating was higher than that in the Si,O-doped DLC coating. Analysis of the EELS carbon K-edge was used to extract the non-planar sp 2 -bonded carbon signal, however potentially this species may contribute to the MASNMR signal for sp 2 -bonded carbon. For the a-C:H DLC coating, summing the planar and nonplanar sp 2 -bonded carbon contributions from the EELS data and correcting for the proportion of C-O bonds present (from NMR data in Table 3 ) gives an almost identical value for the total carbon sp 2 fraction in the lm to that derived from 13 previously reported in the literature, and could be a contributing factor here.
2,3
From EELS data, it appears that the formations of non 6-membered carbon rings are the most likely candidates for the increase in non-planar sp 2 bonding within the within the a-C:H DLC during wear. These species are reported in the literature for fullerenes, carbon nanotubes and graphene, all of which share some similarities with DLC.
70-73
The conversion of sp 3 carbon bonds to non-planar sp 2 carbon bonds seems to be correlated with the lower wear of the a-C:H DLC coating, when compared with the Si,O-doped DLC. This is in addition to the wear suppression provided by the differing tribolm chemistries. It appears to be the case that the conversion of sp 3 to non-planar sp 2 bonds is thermodynamically favourable under the tribological conditions examined; specically the increased pressure and temperature at the contact. Although the authors do not observe graphitisation per se of either DLC coating as a result of wear, it is believed that a crucial step in the conversion of the a-C:H DLC to a more stable material has been identied. This being the aforementioned conversion of carbon sp 3 bonds to non-planar sp 2 bonds, which could be analogous to the very early steps of graphitisation of the DLC. In normal graphitising carbons, such effects are seen at around 800 C when under atmospheric pressure. 74 The conversion is apparent when the carbon K-edge EELS spectra for the a-C:H DLC pre-and post-wear is overlaid, as shown in Fig. 4 . The authors note that thermal treatment of DLC coatings has been linked to the re-hybridization of carbon bonding within the coating. However, typically this change takes place at far higher temperatures (in excess of 400 C) than those encountered in these tests.
2
The Si,O-doped DLC coating appears to be more stable with regards to carbon hybridisation during wear. This resistance to rehybridisation is most likely due to the inability of Si to form stable double bonds; thus forcing it to bond in a sp 3 fashion within the coating and therefore securing a network of carbon atoms in this conguration.
45
Conclusions
A variety of analytical techniques have been used to fully characterize the tribochemical performance of the two DLC coatings: an a-C:H DLC coating and a Si,O-doped DLC coating. The two coatings exhibited distinctly different behaviours in terms of wear, tribolm formation, tribolm thickness, and changes carbon hybridisation-state during wear. The key ndings within this work were:
The two DLC coatings exhibited very similar coefficients of friction when lubricated in fully-formulated engine oil; At 14 hours of testing, the Si,O-doped DLC coating had a thicker tribolm than the a-C:H DLC coating. This enhanced tribolm thickness did not appear to facilitate lower wear rates;
The two coatings had Nanohardness values within experimental deviation of each other, conrming that hardness did not play a crucial role in wear;
The tribolms on the two coatings exhibited notable differences with respect to phosphorous content. This is noteworthy as certain phosphorous lms are well-known for their ability to repress wear;
The phosphorous species formed on the Si,O-doped DLC coating did not facilitate lower wear as effectively as the calcium carbonate species observed on the a-C:H DLC;
EELS identied a clear difference in performance between the two DLC coatings tested. This appeared to be related to an increase in the non-planar carbon sp 2 fraction within the a-C:H DLC during wear. This increase was derived from previously sp 3 bonded carbons. The Si,O-DLC coating is stable in regards to its carbon sp 2 and sp 3 content.
We have proposed a dual mechanism for the lower wear of the a-C:H DLC coating involving both re-hybridisation of carbon bonding within the a-C:H coating and the formation of different Ca-containing protective tribolms. The incorporation of Si within the Si,O-doped DLC hinders any transformation in carbon hybridisation state within the DLC. We believe that, in this instance, this is a key contributor to the higher wear rate observed in the Si-doped DLC. This result may appear unexpected as, in terms of wear of DLCs, sp 3 type bonding is oen regarded as superior and more 'diamond-like'. We propose that inherent resistance to microstructural changes within DLC coatings are detrimental with regards to the wear performance of the coating.
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